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PRODUCI‘ ION OF 1,7-OCI‘ADIENE FROM 
BUTADIENE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to the production of 

1,7-octadiene by hydrooligomerizing butadiene. 
2. Description of the Prior Art 
Linear oligimerization of butadiene is of great interest 

as a source of C3 and C12 unsaturated hydrocarbon 
intermediates useful for the synthesis of diacids, dies 
ters, diols or diamines. Linear oligomerization of butadi 
ene usually results in the formation of n-octatriene prod 
ucts, and in particular either 1,3,6-octatriene or 1,3,7 
octatriene which has a terminal conjugated diene sys 
tem. The desired dimer for many processes, however, is 
1,7-octadiene which only has terminal double bonds. 
This intermediate would allow the production of prod 
ucts having only terminal functional groups. Butadiene 
dimerization products with internal double bonds 
would not be useful to accomplish this, since the desired 
terminal functional groups would not be obtained selec 
tively in subsequent reactions. Furthermore, the conju 
gated system in 1,3,7-octatriene is unreactive in may 
reactions or gives complex reaction mixtures. Thus, a 
butadiene hydrooligomerization process selective to 
a,a>-dienes, such as 1,7-octadiens, is desired. 
Wright in US. Pat. Nos. 3,732,326 and 3,823,199 

discloses preparing either 1,6-octadiene or a mixture of 
1,6 and 1,7-octadiene by dimerizing butadiene in the 
presence of formic acid using a palladium acetate cata 
lyst, a phosphine and dimethylformamide, or benzene as 
a solvent. The yield of and selectively to 1,7-octadiene, 
however, are unsatisfactorily low. In addition, the cata 
lyst ef?ciency is quite low. 

Wright, in British Pat. No. 1,341,324, discloses dimer 
izing butadiene with palladium acetate in the presence 
of formic acid and either triethylamine or morpholine as 
the solvent. The product is reported to be 1,6-octadiene 
or a mixture of 1,6 and l,7-octadiene. The reaction rate 
and selectivity to 1,7-octadiene, however, are unsatis 
factory. 
Gardner et al, Tetrahedron Letters No. 2, pp. 

163-164, 1972, discloses essentially the same technique 
as Wright, except for an additional suggestion of carry 
ing out the reaction in a basic solvent. 
Rof?o et al, Journal of Organometallic Chemistry, 

55, 405 (1973) utilize a (PPh3)2 Pd (C4H6) catalyst in 
benzene in the presence of formic acid. Rof?o et al 
reported a 75% butadiene conversion, however, only 
22% of the product was 1,7-butadiene and the major 
product was 1,3,7-octatriene. 

Accordingly, there continues to exist a need for a 
process which is capable of dimerizing butadiene to 
1,7-octadiene at high yields, high selectivities and good 
catalyst ef?ciency. 

SUMMARY OF THE INVENTION 

Accordingly, it is one object of the present invention 
to provide a process which dimerizes butadiene to 1,7 
octadiene at a high butadiene conversion rate, high 
selectivity, and high catalyst ef?ciency. 

This and other objects of the present invention, as 
will hereafter be better understood by the following 
description, have been attained by dimerizing butadiene 
in the presence of a system comprising palladium ace 
tate, a tertiary phosphine, formic acid, a solvent, and a 
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strong base wherein the molar ratio of the strong base to 
formic ‘acid is 1:1-2, the molar ratio of phosphine to 
palladium is at ,least 1, and the solvent is at least one 
member‘selected from the group consisting of aromatic 
hydrocarbons, lower alkyl substituted aromatic hydro 
carbons, halogenated aromatic hydrocarbons, haloge 
nated lower aliphatic hydrocarbons, nitriles, amides, 
dilower alkyl ethers, lower alkyl phenyl ethers, lower 
alkyl esters of lower alkanoic acids, ketones, and lower 
alkanols. This is in contrast with prior art systems 
where a strong base was used as the solvent or no such 
base was present. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Solvents suitable for use in the present invention 
include non-polar solvents and solvents of moderate 
coordinating ability. The use of a solvent which is both 
a strong base and a strongly coordinating solvent, such 
as triethylamine or pyridine, gives much lower yields 
and slower rates than the use of solvents of moderate 
coordinating ability. This may be caused by competi 
tion between the butadiene and the solvent for coordi 
nation sites at the catalyst. That is, triethylamine as the 
solvent would effectively compete with butadiene for 
palladium thereby reducing the reaction rate. Suitable 
solvents include aromatic hydrocarbons such as ben 
zene, lower alkyl substituted aromatic hydrocarbons 
such as toluene, m-, p-, and o-xylene, halogenated aro 
matic hydrocarbons including chloro, bromo and iodine 
substituted, such as‘ chloro benzene and the like. Halo 
genated lower aliphatic compounds such as chloroform, 
methylene chloride, carbon tetrachloride and the like 
may be used in particular chloroform is preferred. 

Solvents of moderate coordinating ability which will 
function in the present invention include nitriles such as 
lower alkyl nitriles, hydrocarbon aromatic nitriles in 
cluding acetonitrile, benzonitrile and the like, amides 
including benzamide, acetamide, mono- and di-sub 
stituted amides where the substitutent is preferably 
lower alkyl. Suitable substituted amides include N 
methyl acetamide, N ,N dimethyl acetamide and dimeth 
ylformamide. Simple ethers such as the dilower alkyl 
ethers including dimethyl ether, diethylether, and the 
like function satisfactorily. Hydrocarbon aromatic 
ethers such as the lower alkyl phenyl ethers may also be 
used, and include methyl phenyl ether (anisole), ethyl 
phenyl ether (phenetole) and the like. Cyclic, saturated 
hydrocarbon ethers such as tetrahydrofuran, tetrahy 
dropyran and the like are also suitable solvents. Lower 
alkyl diethers such as dimethoxy ethane, and the like 
may be used. In addition, the cyclic diethers such as 
1,4-dioxane are also suitable as solvents. Simple lower 
alkyl esters of lower alkanoic acids such as ethyl ace 
tate, methyl acetate, methyl butyrate and the like are 

. also suitable solvents of moderate coordinating ability. 
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Ketones, including lower aliphatic ketones such as 
methyl ethyl ketone and hydrocarbon aromatic ketones 
such as acetophenone are also satisfactory solvents. 
Lower alkanols such as isopropanol and the like may be 
used if desired. The preferred solvents of moderate 
coordinating ability include nitriles, formamides, such 
as dimethylformamide, dilower alkyl ethers, lower 
alkyl phenyl ethers, simple lower alkyl esters of lower 
alkanoic acids, ketones and lower alkanols. 
The particularly preferred solvents include benzene, 

dimethylformamide, chlorobenzene, anisole, N,N-dime 
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thylacetamide, ethyl acetate, isopropanol, benzonitrile, 
chloroform methyl ethyl ketone, acetonitrile, die 
thylether, acetophenone and toluene. 
The amount of solvent added should be sufficient to 

maintain the palladium acetate, phosphine, formic acid, 
strong base and butadiene in solution. Preferably, the 
volume ratio of solvent to strong base is from 2:1 to 
10:1, more preferably 2.5:1 to 5:1. 
The strong base must be one which can neutralize 

formic acid according to the reaction: 

The strong base may be either insoluble or soluble in the 
reaction medium. While any strong base may be used, it 
is preferable not to use bases which will compete with 
the phosphine for the coordinating sites on the palla 
dium metal. Also, the use of strong bases which cause 
double bond isomerization should not be used because 
these will lower the selectivity to 1,7-octadiene. 
Also the use of bases which will react with products 

or which form neutralization products with formic acid 
which may enter into undesirable side reactions, such as 
hydroxide bases, should be avoided. Suitable strong 
bases include tertiary amines such as pyridine, triethyl~ 
amine, N,N-dimethyl aniline, tributyl amine, dimethyl 
ethyl amine, lutidine, tripropyl amine, N-methyl mor 
pholine, quinoline, isoquinoline and the like, as well as 
insoluble bases such as sodium carbonate, potassium 
carbonate, calcium carbonate, sodium and potassium 
bicarbonate, magnesium oxide, calcium and the like. 
The preferred insoluble bases are potassium, sodium 
and calcium carbonates and the potassium and sodium 
bicarbonates. Preferably, the strong base is soluble in 
the reaction medium. 
The amount of strong base added is critical. The mole 

ratio of strong base to the formic acid must be at least 
equal to l but not exceed 2. If the ratio is less than 1, 
then the Pd(OAc)2 is more readily reduced to palladium 
metal which reduces the catalyst efficiency, and which 
would promote the isomerization of the double bond to 
convert the 1,7-octadiene to 1,6-octadiene therefor low 
ering the selectivity. When the ratio exceeds 2, the 
reaction rate slows down markedly. Suf?cient strong 
base is present to maintain the pH of the reaction me 
dium between about 7.5 and 10.5. 
The formic acid is present as a source of hydrogen for 

the process. Accordingly, it is desirable that some for 
mic acid be present during the entire course of the reac 
tion. When operating the process batch-wise, this can be 
accomplished by adding a stoichiometric amount of 
formic acid initially, 1 mole of formic acid for every 2 
moles of butadiene, of by continuously or periodically 
adding additional amounts of formic acid. It is essential, 
however, that the ratio of strong base to formic acid 
present in the reaction medium never be less than 1 nor 
greater than 2. 
When the process is operated continuously, the buta 

diene, formic acid, strong base, solvent, palladium ace 
tate and phosphine can be charged to the reactor con 
tinuously or intermittently. Alternatively, the palladium 
acetate and phosphine can be bound to a solid substrate, 
such as a synthetic resin. This embodiment allows for 
the ready separation of the 1,7-octadiene product from 
the catalyst. 
Any tertiary phosphine which can be dissolved in the 

reaction solvent may be used. The bisphosphines, such 
as 1,3-bisphenylphosphinopropane and 1,4-bisdiphenyl 
phosphineobutane, will not function in the present in 
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4 
vention as the tertiary phosphine, the butadiene conver 
sions obtained are unsatisfactory. Accordingly, it is 
preferred to use a mono-phosphine. Suitable phosphines 
are represented by the formula: 

wherein R1, R2 and R3 may be the same or different and 
are selected from aryl such as phenyl, p-tolyl, o-tolyl, 
m-tolyl, p-chlorophenyl, phenoxy, p-methyl-phenoxy, 
p-anisoly, m-anisoyl and the like, alkyl of 1 to 8 carbon 
atoms, prefereably l to 5 carbon atoms, alkoxy having 
from 1 to 8 carbon atoms, but preferably from 1 to 3 
carbon atoms. Preferably, R1, R2 and R3 represent aryl, 
alkyl, or a mixture thereof. The more preferred tertiary 
phosphines, are the triaryl and trialkyl phosphines. The 
most preferred tertiary phosphines are the trimethyl-, 
triethyl-, tributyl- and triphenyl phosphines. 
The mole ratio of phosphine to palladium should be 

at least 1. When the ratio of phosphine to palladium is at 
least 1, the maximum selectivity to 1,7-octadiene is ob 
tained. The ratio of P/Pd can exceed 1, however, an 
excess of phosphorous has little effect on the selectivity 
to 1,7-octadiene. Since it is possible that dissolved oxy 
gen may slowly oxidize phosphines to their correspond 
ing phosphine oxides, the presence of some excess phos 
phine will increase the life of the catalyst system. How 
ever, the reaction can be performed in the presence of 
oxygen without any loss of selectivity or conversion. 
The ratio of phosphorus to palladium should not be too 
great because at large ratios, the butadiene conversion is 
reduced. Accordingly, it is preferred to add sufficient 
phosphine, so as to attain a mole ratio of phosphine to 
palladium of from about 1 to about 20. Still more prefer 
ably from 2:1 to 5:1. 
The palladium acetate that is used in the present pro 

cess is soluble in benzene. Benzene insoluble compo 
nents which are catalytically inactive, as are often pres 
ent in commercial sources of palladium acetate, may be 
converted, at least partially, into benzene soluble palla 
dium acetate by re?uxing with glacial acetic acid. This 
method is similar to that described by Wilkinson et al in 
the Journal of the Chemical Society (1965), page 3632. 
The palladium acetate is present in the reaction mixture 
in catalytic amounts; preferably, from about 0.015 to 0.7 
wt.%, still more preferably from 0.05 to 0.1 wt.% of 
palladium acetate‘ is present based on the total weight of 
the reaction medium. 

Alternatively, the palladium acetate and tertiary 
phosphine may be bound onto a cross-linked synthetic 
resin instead of being dissolved in the reaction medium. 
Acceptable cross-linked synthetic resins include cross 
linked polystyrene, poly (alpha-alkyl) acrylates, poly 
carbonates, polyamides and the like. 
The bound tertiary phosphine may have the general 

formula: 

wherein R1 and R2 are as de?ned previously, and R6 
represents the repeating unit of the synthetic resin and 
where m is a positive integer, n is 0 or a positive integer, 
m+n equal the total number of repeating units in resin 
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and the percentageof the repeating units substituted 
with the tertiary phosphine is represented by the for 
mula: 

X 100% 

The number of repeating units substituted with the 
tertiary phosphine is not critical. When less than 5% of 
the repeating units contain a phosphine substituent, 
large quantities of the resin must be used to form the 
bound catalyst. Accordingly, it is desirable to have at 
least 10% of the repeating units substituted with a ter~ 
tiary phosphine. It is preferred, however, that from 20 
to 40% of the repeating units contain a phosphine sub 
stituent. The substituent can be introduced into the resin 
using well-known techniques, such as those described 
by Smith et al in the Journal of the American Chemical 
Society, 97 (7) 1749 (1975) and by Pittm‘an et al in Ann. 
NY. Academy of Sciences, 239, 76 (1974). In accor 
dance with those techniques, the palladium acetate is 
complexed with the phosphine-substituted resin by ad 
mixing in a solvent for the palladium acetate. 
Whether a soluble or a bound phosphine-palladium 

acetate catalyst is used, it is preferable to prepare the 
palladium acetate-phosphine complex before exposing 
the palladium acetate to formic acid. If palladium ace 
tate and phosphine are separately added to the reaction 
mixture containing formic acid, an opaque brown or 
black solution is obtained. This is indicative of poor 
catalyst stability. On the other hand, a pre-complexed 
catalyst exhibits excellent stability, which results in high 
catalyst ef?ciencies. 
The presence or absence of oxygen in the reaction has 

little effect on either selectivity or product yield. Thus, 
oxygen may be added during the reaction, but its addi 
tion affords no advantage. Should an oxygen sensitive 
phosphine, such as trialkyl phosphine, be used as the 
ligand, the presence of oxygen should be avoided. 
The addition of carbon dioxide to the reaction system 

has been found to increase the extent of butadiene con 
version, but does not affect the selectivity. When it is 
desired to use carbon dioxide to increase the conversion 
rate, the partial pressure of the CO2 in the reaction 
system may be from about 10 to about 100 psia. Since 
carbon dioxide is a by-product of the process, it is possi 
ble to generate suf?cient carbon dioxide in situ to en 
hance the conversion rates. 
The reaction temperature of the process is not criti 

cal, however, it is preferred to maintain the reaction 
between about 40° to about 160° C. The process is con 
ducted under a suf?cient pressure to maintain liquid 
phase conditions at the reaction temperature. 
When the method of the present invention is em 

ployed to prepare 1,7-octadiene from 1,3-butadiene the 
catalyst efficiencies are very high. The embodiments of 
the present process will convert more than 10,000 moles 
of butadiene for every mole of palladium acetate. If the 
preferred embodiments are employed, molar turnovers 
in excess of 14,000 are easily obtained. In the most pre 
ferred aspect of the present invention, molar turnovers 
in excess of 30,000 can be obtained using a constant flow 
continuous process with a ?xed-bed catalyst arrange 
ment. In contrast, previous processes obtained molar 
turnovers of only about 1,000—2,000. 
Having generally described the invention, a more 

complete understanding can be obtained by reference to 
certain speci?c examples, which are included for pur 
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6 
poses of illustration only and are not intended to be 
limiting unless otherwise specified. 

In the following experiments, dry, Ng-saturated sol 
vents were used in all cases. Benzene was continually 
refluxed over CaHZ in a N2 atmosphere and distilled 
immediately prior to use. DMF, EtgN, and pyridine 
were distilled from KOH in a N3 atmosphere and stored 
over KOH under N2 until used. 

Infrared spectra were recorded on a Beckman IR-33 
grating spectrophotometer and mass spectra on a CEC 
21-104 instrument. Butadiene conversions and product 
distributions were determined on a Hewlett-Packard 
model 5710A instrument using %"><6' columns packed 
with 15% tricresyl phosphate on Chromosorb W sup 
port. Quantitative GLC data were obtained via elec 
tronic integration with a Hewlett-Packard model 
3380A reporting integrator. Internal standard calibra 
tion techniques were used employing either iso-octane 
or n-octane as an internal standard. 

EXAMPLE 1 

To a thick-walled Pyrex tube was charged DMF (20 
ml), formic acid (3 ml., 80 mmoles) and Et3N (11.21 ml, 
80 mmoles). The resulting solution was then purged 
with N; for 20 minutes and a DMF solution (10 ml) 
containing Pd(OAc)2(0.0112 g, 0.05 mmoles) and PPh3 
(0.131 g, 0.5 mmoles) was added. The tube was then 
cooled in liquid nitrogen and butadiene (9 g., 0.17 
moles) condensed in. The tube was heated with stirring 
at 70° C. for 3 hours. After cooling the tube to room 
temperature, 3.3 g of gases (CO2) were vented and 
formic acid (3 ml, 80 mmoles) was added. Butadiene (12 
g., 0.22 moles) was then condensed in and the tube 
heated at 65° C. for 17 hours. The tube was again cooled 
and 3.6 g. of gases were vented. At this point, maximum 
reactor volume was reached so the solution was divided 
into two equal portions and one portion returned to the 
reactor. (GLC analysis showed a 6600 molar turnover 
at this point). Formic acid (2 ml, 50 mmoles) and butadi 
ene (7.6 g., 0.14 moles) were then charged to the reactor 
and the reactor was heated at 701° C. for 3 hours. After 
venting 3 g. of gases, fresh formic acid (2 ml, 50 
mmoles) and butadiene (7.3 g., 0.138 moles) were 
charged to the tube. At this point a small amount of 
black precipitate was observed at the bottom of the 
tube. After heating at 70° C. for 16.5 hrs, 3 g. of gases 
were vented. GLC (internal standard) of the resulting 
solution showed 19.4 g of octadienes, corresponding to 
a molar turnover of 14,100 moles butadiene/mole Pd 
for this portion of catalyst. 
The overall butadiene conversion for this sequence of 

reactions was 78% with an observed selectivity to 1,7— 
octadiene of 81%. 

EXAMPLE 2 

In this example a bound catalyst was used. Polymer 
bound catalysts were prepared by coordination of 
Pd(OAc)2 to a phosphinated polystyrene resin in :1 ben— 
zene suspension. The phosphinated polystyrene beads 
were prepared by swelling, crosslinked polystyrene 
beads (30 g., 0.286 moles) (Bio-Beads, 200-400 mesh, 
1% divinylbenzene, Bio-Rad Laboratories) in CC14 (400 
ml) in a round-bottom flask and the flask was cooled in 
an ice bath and totally shielded from light. Iron powder 
(0.5 g) was added to this slurry and vigorous stirring 
initiated. Bromine (3.6 m1, 0.066 :moles) in 100 m1 CC14 
was added dropwise from an addition funnel over a 
period of 2 hours. The reaction mixture was allowed to 
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warm the room temperature after bromine addition was 
completed. Generated HBr was allowed to escape into 
an aqueous NaOH trap. The slurry was stirred for 24 
hours, solvent removed by ?ltration on a coarse glass 
frit funnel, and unreacted iron powder was removed 
with a magnet. The resin was then washed by stirring 
successively in one liter each: 5% aqueous sodium thio 
sulfate (one hour), 5% aqueous sodium carbonate (one 
hour), acetone (4-5 hours), benzene/methanol (9:1) 
(18-24 hours), and methanol (4-5 hours). The beads 
were then vacuum dried (25° C., 0.05 torr) for 24 hours. 
Bromine analysis showed 15% Br. 
To a stirred THF (75 ml) suspension of lithium metal 

chunks (5 g, 1.4 moles) was added dropwise a THF 
solution (140 ml) containing chlorodiphenylphosphine 
(40 g, 0.223 mole) under a N2 atmosphere. Formation of 
lithiodiphenylphosphide was indicated by the appear 
ance of a bright red color. After stirring 18 hours, unre 
acted lithium was removed and the solution was added 
slowly to a rapidly stirred THF slurry of the bromi 
nated beads (30 g, 15% Br content, 56.25 mmoles Br.). 
This slurry was allowed to stir one or two days under 
N2 (longer if high precent Br content resin used). The 
slurry was then hydrolyzed by adding to two liters of 
Ng-saturated acetone/water (3/1) and stirring for one 
hour. The beads were then ?ltered and washed by stir 
ring successively in one liter each of the following N2 
saturated solvents: water (2 hours), acetone (2 hours), 
benzene/methanol (9:1) (18-24 hours), and methanol 
(4-5 hours). The beads were then vacuum dried (80° C., 
0.05 torr) for 24 hours and analyzed for %P and %Br 
(Schwarzkopf Microanalytical Labs, NY). The cited 
example analyzed for 4.34%P which corresponds to 
20% of the polystyryl rings substituted with the di 
phenylphosphide moiety. Bromine analysis showed 
almost quantitative replacement of bromide (0.4%Br). 
The phosphinated resin (5 g, 4.34%P, 7.0 mmoles P) 

was then swelled in benzene (100 ml) at room tempera 
ture and Pd(OAc)2 (0.6 g, 2.7 mmoles) added. This 
slurry was stirred 24 hours under N2. The resin was 
then recovered by ?ltration and stirred in fresh benzene 
(300 ml) at room temperature for 3 days to remove 
uncoordinated catalyst. After ?ltration, the resin was 
vacuum dried (25° C., 0.05 torr) for 48 hours. Analysis 
showed 3.12%P and 5.69%Pd, which corresponds to a 
molar P/ Pd ratio of 1.9:]. 
To a thick-walled Pyrex tube was charged DMF (30 

ml), formic acid (3 ml, 80 mmoles) and Et3N (11.2 ml, 80 
mmoles). The resulting solution was then purged with 
nitrogen for 20 minutes and the polymer-bound 
Pd(OAc)2 (0.2348 g., 5X10-5 moles) was added. The 
tube was then cooled in liquid nitrogen and butadiene (9 
g, 0.17 moles) condensed in. The tube was then heated 
at 70° C. for 3 hours. After cooling to room tempera 
ture, 3.3 g gases were vented and formic acid (3 ml, 80 
mmoles) was added. Butadiene (9.2 g, 0.17 moles) was 
then condensed in and the tube heated at 70° C. for 3 
hours. 4.7 g gases were vented, formic acid (3 ml, 80 
mmoles) and butadiene (9 g, 0.17 moles) charged to the 
tube and the tube then heated at 70° C. for 4 hours. At 
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this time the maximum reactor volume was reached and M 
the catalyst was recovered by ?ltration on a glass frit 
funnel under a nitrogen cone. The catalyst was then 
recharged to a Ng-purged solution of DMF (30 ml), 
formic acid (3 ml, 80 mmoles) and Et3N (11.2 ml, 80 
mmoles). Butadiene (9 g, 0.17 moles) was condensed in 
the tube heated at 70° C. for 2.5 hours, at which time 3.7 
g of gases were vented. Formic acid (3 ml, 80 mmoles) 
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and butadiene (9.5 g, 0.18 moles) were recharged. After 
heating at 70° C. for 9.5 hours, 4.3 grams of gases were 
vented. 

Butadiene (9 g, 0.17 moles) and formic acid (3 ml, 80 
mmoles) were recharged and the tube heated at 70° C. 
for 3.5 hours. The solution was then ?ltered as before, 
and the catalyst replaced in a fresh DMF, Et3N, formic 
acid (3 ml, 80 mmoles) solution. Butadiene (9 g, 0.17 
moles) was condensed in and the solution heated at 70° 
C. for 19 hours. GLC analysis at this point showed 60% 
unreacted butadiene. Recharging butadiene (9 g, 0.19 
moles) and formic acid (3 ml, 80 mmoles) and heating at 
70° C. for 8 hours produced no further butadiene con 
version, indicating that the catalyst was inactive at this 
point. GLC analysis indicated formation of 24.9 grams 
octadiene products. This corresponds to a molar turn 
over of 9000. Overall selectivity was observed to be 
81%. . 

COMPARATIVE EXAMPLE 1 

In order to demonstrate the criticality of the reaction 
system of the present invention a series of experiments 
were performed using a variety of systems. In these 
experiments, the amounts of the palladium component, 
phosphine (when present) solvent and formic acid set 
forth in Table 1 were charged into the reaction vessel. 
The resulting solution purged with N; for 20 minutes. 
The reactor was then cooled (liquid nitrogen or Dry 
Ice/acetone bath) and the amount of 1,3-butadiene set 
forth in the table was condensed into the reaction. The 
reactor was then warmed in tap water and placed in an 
oil bath at the reaction temperature. After the required 
reaction time, the reactor was cooled, weighed, gases 
vented, and the reactor reweighed. Weight losses corre 
sponded to the expected weight of CO2 generated from 
formic acid decomposition. Immediately following this 
procedure GLC analysis of the product solution was 
performed. The results are set forth in Table 1. 

TABLE 1 
CATALYST EVALUATION 

% 
% Selec 

Buta- tivity 
Rxn. diene to 1,7 

Run Catalyst Time Con- Octa 
No. (mmoles) T“ C. (hours) versions diene 

l Pd(OAc)2/PPh3” 100 24 63 73 
(0.09) (0.2) 

2 PdCl2(PPh3)2b 95 24 50 62 
(0.014) 

3 PdClf 100 23 60 
(0.057) ' 

4 100 24 16 50 
O 

// 

Pd 0 (PPh3)2d 

\\ 
O 

(0.1) 
5 K3PtCl4b 100 54 2s 3 

(0.024) 
6 Pt(acac)2/PPh3b 100 24 None - 

(0.017) (0.085) 
"DMF solvent. (HCOZl-l) = 2.26M, (C4H6) = 8M 
hDMF solvent, (HCOZH) = 1.5M, (C4H<,) : 6.7M 
"DMF solvent, (HCOZH) = 1.25M, (C4116) = 4.3M; Pd mirror formed 
dacetone solvent, (HCOZH) : 3.65M, (C4H(,) = 5.1M acac = acetyl acelonale 
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EXAMPLE 3 

A series of experiments were performed to demon 
strate the criticality of using both a strong base and a 
solvent. The results-of these eperiments are set forth in 
Table 2. I 

TABLE 2 

l-lydrodimerization of 1,3-Butadiene 
Effect of Solvent and Added Tri 

ethylamine.” 
Con- Selectivity 

Run Strong version % 1,7 
No. Solvent Base % octadiene 

l Hexanel7 Et3N 0 -— 
2 Toluene‘ — O —— 

3 Tolueneb Et3N s5 s7 
4 Benzene” — 32 60 

5 Chlorobenzenec -— 0 — 

6 Chlorobenzeneb Et3N 70 85 
7 Anisole‘ -— 0 — 

s Anisoleb Et3N 73 as 
9 Diethyl ether“ —- 13 71 

10 Diethyl etherb Et3N 43 so 
1 l Tetrahydropyranf —— 77 75 

12 Tetrahydropyranb Et3N 71 81 
13 Tetrahydrofuranc — 71"’ 83 

14 Tetrahydrofuranb Et3N 56“ 85 
(5:1) 

15 Tetrahydrofurang Et3N 83d 83 
16 p-Dioxane‘ — 81 83 

17 p-Dioxaneb Et3N 64 86 
18 Dimethoxyethanec —- 87 77 

19 Dimethoxyethaneb EtgN' 62 81 
20 AeetorlitrileC — O — 

21 Acetonitrileb EtjtN 51 7s 
22 Benzonitl'ilec -— 0 — 

23 Benzonitrileb Et3N 63 25 
24 Methyl Ethyl — 18 51 

KetoneC 
25 Methyl Ethyl Et3N 72 82 

Ketoneb 
26 Acetophenonec — 12 56 

27 Acetophenonel7 Et3N 64 84 
28 Acetophenoneg Et3N 86d 85 
29 Chloroform —- 0 — 

30 Chloroformb Et3N 20 75 
3] Carbon Disul?dec —— 0. — 

32 Carbon Disul?deb Et3N 0 - 
33 Ethyl Acetate‘ —- 19 70 

34 Ethyl Acetateb Et3N 54 83 
35 Dimethyl Sulfoxide“ —- -— 78 

36 Isopropanol‘ -— 45 66 

37 lsopropanolb Et3N 75 68 
38 Dimetl'lylformamidec — 82” 75 

39 Dimethylformamidof E13N 31 as 
(2.521) 

40 Dimethylformamide" Et3N 88c 89 
41 Dimethylformamidei Et3N 96" 86 
42 Dimethylformamidef Et3N 9te as 

(2.511) 
43 Dimethylformamide/ Et3N 85 87 

(5.1) 
44 Dimethylformamide/ Et3N 741-1 83 

(5.1) 
45 Dimethylformamideg Et3N 85 84 
46 Dimethylformamide/ pyridine 96 84 

(5:1) 
47 Dimethylforrnamide/ pyridine 2" 78 
48 N,N-Dimethylacetamide” — 70 84 

49 N,N-Dimethylacetamideb Et3N 7s 85 
50 Pyridine‘ — 36" 78 

51 Pyridine‘ — 72 85 

20 
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TABLE 2-continued 
Hydrodimerization of 1,.3-Butadiene 
Effect of Solvent and Added Tri 

Con- Selectivity 
Run Strong version % 1,7 
No. Solvent Base % octadiene 

52 Et3NC — 40 86 

“ All reactions run at 90° for 45 min. Unless otherwise speci?ed the P/Pd : l0. 
Pd(OAc)3, 0.1 mmol; I'ICOOH, 40 mmol; LS-butadiene, 100 mmol. The amount of‘ 
EtyNwas 40 mmol unless speci?ed otherwise. 
b 28 ml of solvent used 
" 33.6 mol of solvent used 

[Total volume of solvent plus base was 23 ml. : 
gReaction run at 70° for 1.5 hr. using 54 mmol each of HCCOH and EIJN, and 18.7 
ml of sovlent. 
h Reaction run at 50° for 1.5 hr. using 55 mmol each of HCOOH and EIJN, 19.2 ml 
DMF and 120 mmol butadiene. 
[Same as h except at 70”. 

These results demonstrate some the advantages of 
using both a strong base and a solvent in the reaction 
mixture. In most of the experiments both butadiene 
conversion and the selectivity to 1,7-octadiene is 
greater than using either the solvent or the strong base 
alone. In addition, the Table demonstrates that some 
solvents, carbon disul?de, DMSO and hexane, appar 
ently will not function as suitable solvents when a ter 
tiary amine is used as the strong base. The conversion 
and selectivity values for run numbers 14 and 47 are not 
what was expected and may be the result of experimen 
tal error. 

EXAMPLE 4 

A series of experiments were conducted to demon 
strate the results obtained when different phosphines 
are complexed with the palladium acetate. In these 
experiments the reaction temperature was 70° C. and 
the time of the reaction was 1.5 hours. The ratio of a 
phosphine to palladium was 2:1 and 0.1 m moles of 
palladium were used (added as palladium acetate.) The 
palladium'acetate, phosphine and 0.12 moles of dimeth 
ylformamide were charged to the reactor. Then 0.05 
moles of formic acid, 0.05 moles of triethyl amine were 
added. The resulting solution was purged with N2 for 20 
minutes. The reactor was then cooled (liquid nitrogen 
or Dry Ice/ acetone bath) and 0.1 moles of 1,3-butadiene 
were condensed into the reactor. The reactor was then 
warmed in tap water and placed in an oil bath at 70° C. 
After 1.5 hours, the reactor was cooled, weighed, gases 
vented, and the reactor reweighed. Immediately fol 
lowing this procedure GLC analysis of the product 
solution was performed. The results are tabulated in 
Table 3. - 

TABLE 3 
PHOSPl-IINE EFFECT 

Run Phosphine % Butadiene % Selectivity to 
No. Used Conversion 1,7-Octadiene 

2 PPh3 96 87 
3 PBu3 95 92 
4 PEt3 95 93 

‘ The use of trialkyl phosphines gave the highest selec 
tivity to 1,7-octadiene at very high yields. On the other 
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hand, the bisphosphines all gave very low conversion 
rates of butadiene. 

EXAMPLE 5 

A series of experiments were conducted to demon 
strate the effect varying the ratio of phosphine to palla 
dium. The amount of phosphine necessary to achieve 
the ratio of phosphine to palladium set forth in Table 4 
was charged into a reactor along with 0.1 m moles of 
palladium, 0.05 moles of formic acid, 0.05 moles of 
triethylamine and 0.1 moles of dimethylformamide as 
the solvent. The resulting solution was purged with N; 
for 20 minutes. The reactor was then cooled (liquid 
nitrogen or Dry Ice/acetone bath) and 0.1 moles of 
1,3-butadiene were condensed into the reactor. The 
reactor was then warmed in tap water and placed in an 
oil bath at 90° C. After 45 minutes, the reactor was 
cooled, weighed, gases vented, and the reactor re 
weighed. Weight losses in most cases correspond to the 
expected weight of CO2 generated from formic acid 
decomposition. Immediately following this procedure 
GLC analysis of the product solution was performed. 
The results are set forth in Table 4. 

TABLE 4 
P/ Pd RATIO EFFECT 

Run % Butadiene % Selectivity to 
No. P/Pd Conversion 1,7-Octadiene 

l O 46 1.0” 
2 l 94 87 
3 2 96 86 
4 5 94 88 
5 10 87 88 
6 2O 75 88 

"99% 1.6 isomer obtained 

The results of these experiments demonstrate that at 
phosphine to palladium ratios less than 1, both the buta 
diene conversion rate and the selectivity to 1,7-octadi 
ene are unsatisfactory. On the other hand, run number 6 
demonstrates that excessive quantities or phosphine 
depress the rate of butadiene conversion. 

EXAMPLE 6 

A series of experiments were performed to demon 
strate the effect of adding either carbon dioxide or oxy 
gen to the reaction mixture. In these experiments 0.1 m 
moles of palladium were charged as palladium acetate 
to the reactor along with triphenyl phosphine (mole 
ratio of PPh3/Pd of 2:1), 0.05 moles of formic acid and 
0.05 moles of triethylamine and 0.12 moles of dimethyl 
formamide as the solvent. The reactor was then cooled 
(liquid nitrogen or Dry Ice/acetone bath) and 0.1 moles 
of 1,3-butadiene were condensed into the reactor. The 
reactor was then warmed in tap water and placed in an 
oil bath at 90° C. After 45 minutes, the reactor was 
cooled, weighed, gases vented, and the reactor re 
weighed. Weight losses correspond to the expected 
weight of CO2 generated from formic acid decomposi 
tion. Immediately following this procedure GLC analy 
sis of the product solution was performed. In run num 
ber 1, the solution resulting after mixing the solvent, 
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oxygen was added during ‘the reaction reveals that both 
butadiene conversion and “the selectivity remained es 
sentially unchanged. 

' TABLE 5 

O2—CO2 EFFECTS ON REACTION 
Run % Butadiene % Selectivity to 
No. . Conversion 1,7-Octadiene 

l NZ-purge 73 88 
2 25psig CO2 98 85 
3 Freeze-thaw 92 87 
4 25psig O2 91 86 

EXAMPLE 7 

In this experiment, the bound catalyst as prepared in 
Example 2 is compared with the homogeneous catalyst 
system. The results are set forth in Table 6. 

TABLE 6 

CATALYSIS OF BUTADIENE HYDRODIMERIZATION 
WITH POLYMER-ANCHORED 
PALLADIUM ACETATE” 

% % Selectivity 
Temp. Time Con- to l,7-Octa 

Catalyst P/Pd °C. hr version diene 

Resin A1’ 1.9 70 1.5 s1 s7 
Resin Bb 7.1 10 1.5 86 86 
Pd(OAc)2/PPh3 2 70 1.5 96 87 
Pd(0Ac)2/PPh3 5 70 1.5 85 84 
Resin B 7.1 90 .75 74 84 
Pd(OAc)2/PPh3 1O 9O .75 87 88 

"Each reaction was run in DMF/Et3N (2.5:l) with 0.1 mmol Pd, 50 mmol HCOOH, 
50 mmol EI3N, 120 mmol DMF, and l00mmol butadiene. 
"Resin A and B were 1% divinylbenzene-cross‘linked polystyrene polymers, deriva 
tized with diphenylphosphine groups, in the form of beads with a particle size of 
200400 mesh. Resin A had 20% of its phenyl rings derivatized with phosphine 
groups while Resin B had 40% of its phenyl rings derivatized. 

These results demonstrate that the selectivity of the 
polymer bound catalysts is almost identical to the selec 
tivities obtained with the homogeneous catalyst sys 

40 tems. Increasing the density of the phosphine groups in 

4 (It 

55 

60 
triethylamine and formic acid was purged to remove _, 
any carbon dioxide that was present. A comparision of 
this run with run number 2, where 25 psig of CO2 was 
charged, shows that the butadiene conversion increased 
while selectivity remained essentially unchanged. 

In run number 3, oxygen was excluded by using a 
nitrogen purge and three freeze-thaw cycles. A compar 
ison of this run with run number 4 where 25 psig of 

65 

the resin from 20 to 40% substitution did not change the 
selectivity. The reactions catalyzed by resins A or B 
were somewhat slower than those catalyzed by the 
homogeneous systems at comparable P/Pd ratios. The 
lower reactivity may be due to diffusion effects or in 
creased competition for the metal coordination sites by 
the matrix bound phosphine. 
Having now fully described the invention, it will be 

apparent to one. of ordinary skill in the art that many 
changes and modi?cations can be made thereto without 
departing from the spirit or scope of the invention as set 
forth herein. 
What is claimed as new and desired to be secured by 

Letters Patent is: 
l. A process for preparing 1,7-octadiene which com~ 

prises dimerizing butadiene in the presence of a cata 
lytic amount of palladium acetate and a tertiary phos 
phine, a tertiary amine, formic acid and a solent in an 
amount suf?cient to maintain the catalyst, tertiary 
amine, formic acid and butadiene in solution wherein: 

the molar ratio of the tertiary amine to the formic 
acid is 121-2; 

the mole ratio of tertiary phosphine to palladium is at 
least 1; . 

the amount of tertiary amines present is such that the 
pH of the reaction medium is from about 7.5 to 
10.5; and 
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the solvent is at least one member selected from the 
group consisting of aromatic hydrocarbons, lower 
alkyl substituted aromatic hydrocarbons, haloge 
nated aromatic hydrocarbons, halogenated lower 
aliphatic hydrocarbons, nitriles, amides, dilower 
alkyl ethers, lower alkyl phenyl ethers, cyclic 
ethers, diethers, lower alkyl esters or lower alka 
noic acids, ketones, and lower alkanols. 

2. The process of claim 1, wherein the tertiary phos 
phine has the formula: 

wherein R1, R2 and R3 are the same or different and are 
selected from the group consisting of aryl, alkyl of l to 
8 carbon atoms and alkoxy of l to 8 carbon atoms. 

3. The process of claim 1, wherein the mole ratio of 
formic acid to butadiene is about 1:2. 

4. The process of claim 2, wherein R1, R2 and R3 are 
all the same and are selected from the group consisting 
of aryl and alkyl of l to 8 carbon atoms. 

5. The process of claim 1, wherein the tertiary amine 
is at least one member of the group consisting pyridine, 
triethylamine, tributylamine, N-methylmorpholine, luti 
dine, N,N-dimethylaniline, benzyldimethyl amine, tri 
propylamine, quinoline, and isoquinoline. 

6. The process of claim 1, wherein the solvent is 
dimethylformamide and the strong base is triethylamine 
or pyridine. 

7. The process of claim 1, wherein suf?cient solvent is 
present to dissolve all the palladium acetate and tertiary 
phosphine. 

8. The process of claim 1, wherein the mole ratio of 
tertiary phosphine to palladium acetate does not exceed 
20:]. 

9. The process of claim 1, wherein the palladium 
acetate and tertiary phosphine are complexed prior to 
being added to the reaction system. 

10. The process of claim 1, wherein the palladium 
acetate and tertiary phosphine are complexed in the 
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reaction system before the addition of the formic acid or 
butadiene. 

11. The process of claim 1, wherein the solvent is at 
least one member selected from the group consisting of 
benzene, dimethylformamide, chlorobenzene, anisole, 
N,N dimethylacetamide, ethyl acetate, isopropanol, 
benzonitrile, chloroform, methyl ethyl ketone, acetoni 
trile, diethylether, acetophenone and toluene. 

12. The process of claim 1, wherein the volume ratio 
of solvent to tertiary amine is from 2:1 to 10:1. 

13. A reaction medium for the conversion of butadi 
ene to 1,7-octadiene which comprises a catalytic quan 
tity of palladium acetate, a tertiary phosphine, a tertiary 
amine, formic acid and a solvent in an amount suf?cient 
to maintain said palladium acetate, tertiary phosphine, 
tertiary amine, butadiene and formic acid in solution, 
wherein: 

the molar ratio of tertiary amine to formic acid is 
1:1-2; 

the mole ratio of tertiary phosphine to palladium is at 
least 1; _ 

the amount of artiary-amine is such that the pH of the 
reaction medium is from 7.5 to 10.5; and 

the solvent is at least one member selected from the 
group consisting of aromatic hydrocarbons, lower 
alkyl substituted aromatic hydrocarbons, haloge 
nated aromatic hydrocarbons, halogenated lower 
aliphatic hydrocarbons, nitriles, amides, dilower 
alkyl ethers, lower alkyl phenyl ethers, cyclic 
ethers, diethers, lower alkyl esters of lower alka 
noic acids, ketones and lower alkanols. ' 

14. The reaction medium of claim 13, wherein the 
tertiary phosphine has the formula: 

wherein R1, R2 and R3 are the same or different and are 
selected from the group consisting of aryl, alkyl of 1 to 
8 carbon atoms and alkoxy of 1 to 8 carbon atoms. 

15. The reaction medium of claim 13, wherein the 
solvent is dimethylformamide and the tertiary amine is 
triethylamine or pyridine. 

* * * 


